Abstract: This study examined the sedative effect of, and hemodynamic response to dexmedetomidine administration in propofol-sedated swine. Sixteen swine were subjects. After anesthetic induction and preparation, the propofol infusion rate was adjusted to maintain a bispectral index (BIS) value between 55 and 65 (i.e., baseline). With the propofol infusion rate fixed at the baseline rate, dexmedetomidine was infused continuously at a rate of 0.2, 0.4, and 0.7 µg·kg -1 ·h -1 for one hour at each rate. The BIS value and hemodynamic parameters were recorded at each step. Dexmedetomidine decreased the BIS value, mean arterial blood pressure, heart rate, cardiac output, and mixed venous oxygen saturation in a dose-dependent manner. The systemic vascular resistance (SVR) did not change, but the pulmonary vascular resistance (PVR) increased. Oxygen delivery (D • O 2 ) and oxygen
Introduction
Propofol is an intravenous anesthetic agent that provides good control of anesthetic depth. It also has the advantages of rapid onset and recovery [35] . However, it cannot be used alone for anesthesia because it lacks analgesic potency. Previous studies have reported the usefulness of combining it with other sedative or analgesic drugs [15, 31, 33] .
α-Agonist drugs have been investigated as sedative agents or as an anesthetic adjuvant [6, 11, 17, 26, 30, 38, 40] . Dexmedetomidine is a hypnotic drug with a high selectivity for the α 2 -adrenergic receptor, and is commonly used in intensive care. Its advantages are little respiratory suppression, quality of sedation, anti-delirium, anti-agitation, and anesthetic and analgesic-sparing effects [16, 29, 34] . It has also been reported that dexmedetomidine provides protection for organs such as the -Original-brain, heart, and kidney [4, 21, 24, 27] . However, dexmedetomidine can have a contrasting impact on hemodynamics since it non-selectively stimulates the α 2A -and α 2B -adrenoceptors [5, 8] . Low doses of dexmedetomidine produce hypotension due to α 2A -adrenoceptor stimulation in the autonomic nervous system [22, 23] . High doses of dexmedetomidine produce hypertension due to vasoconstriction resulting from stimulation of the α 2B -adrenoceptors located on smooth muscle cells in the blood vessels [22] . In most previous studies evaluating the usefulness of dexmedetomidine for anesthesia, dexmedetomidine was administered in a bolus as an anesthetic adjuvant. The effects of continuously-infused dexmedetomidine with other drugs remain unknown.
The present study examined the sedative effect, hemodynamic changes, and cardiovascular responses resulting from dexmedetomidine administration during propofol sedation in swine.
Materials and Methods

Animal preparation
The Institutional Ethics Committee (Committee on Animal Research, Hamamatsu University School of Medicine, Hamamatsu, Japan) approved this study. Sixteen male domesticated swine were subjects. They were aged 3 to 4 months and weighed 36.4 ± 1.4 kg (the mean weight ± the standard deviation [SD]). Pre-anesthetic medications were not administered. Anesthesia was induced by 5% isoflurane inhaled in oxygen at 6 l·min -1 with a standard animal mask. After anesthetic induction, the swine were placed in a supine position. Mechanical ventilation was initiated following a tracheostomy. The ventilator was adjusted to maintain an end-tidal CO 2 level between 35 and 45 mm Hg. Maintenance anesthesia was performed by isoflurane inhalation (2.5-3.0%) with a mixture of oxygen and air (oxygen, 3 l·min -1 ; air, 3 l·min -1 ). A quad lumen central venous catheter (8.5 Fr., 20 cm, Arrow Japan, Tokyo, Japan) and a pulmonary artery catheter (Opti Q ® 8 Fr., Abbott Japan, Tokyo, Ja- Pharmaceutical Co., Ltd., Osaka, Japan) was administered in a 2 mg·kg -1 bolus, followed by a continuous infusion of 20 mg·kg -1 ·h -1 . Data obtained from a previous study was used to determine the infusion rate [20] . The administration of inhaled isoflurane was discontinued with the initiation of propofol. An end-expiratory concentration of isoflurane of less than 0.2% confirmed the clearance of isoflurane. When necessary, the propofol infusion rate was adjusted by 0.5 mg·kg -1 ·h -1 every 15 min to maintain the BIS value between 55 and 65. When the BIS value remained steady, the infusion rate of propofol was fixed. After 30 min, we recorded the BIS value, mABP, CVP, mPAP, PAWP, heart rate (HR), CO, and Sv -O 2 and collected a blood sample. This established the baseline values of these factors. To measure the CO, we injected the swine with 5 ml frozen glucose liquid three times, and then recorded the mean value.
The experimental protocol is shown in Fig. 1 . After the baseline measurement, we initiated dexmedetomidine infusion while maintaining propofol at its baseline infusion rate. After administering 1 µg·kg were calculated using the following formulas:
(CaO 2 : arterial oxygen content, Cv -O 2 : mixed venous oxygen content). Blood samples were centrifuged at 5,000 rpm for 15 min immediately after collection. The plasma was cryopreserved at -80°C and used later for measuring the concentrations of propofol and dexmedetomidine. Highperformance liquid chromatography (TQC Quantum Ultra ® , Thermo Fisher Scientifi c K.K., Yokohama, Japan) was used to measure the plasma concentrations of dexmedetomidine and propofol.
Statistical analysis
Based on a pilot study, a sample size of 16 is expected to have 80% power in detecting a 10 mmHg difference in mABP at a signifi cance level of 5%. A oneway analysis of variance of repeated measures compared the sedative, hemodynamic, cardiovascular parameters, and calculated variables. The Fisher's protected-leastsignifi cant-difference test was used as a post hoc multiple comparison procedure when signifi cance was found. The results are expressed as the mean ± SD. A P value of less than 0.05 was considered signifi cant.
Results
The constant infusion rate of propofol at baseline was 18.5 ± 2.1 mg·kg -1 ·h -1 . It took 148 ± 25 min to start the baseline measurement after initiating propofol. The BIS value at baseline was 57 ± 2. The depth of sedation and the hemodynamic variables are shown in Table 1 .
The BIS value decreased with dexmedetomidine infusion in a dose-dependent manner. The mABP and HR decreased signifi cantly with dexmedetomidine administration. CVP increased signifi cantly at D3. mPAP decreased at D1. In comparison with its baseline value, PAWP increased signifi cantly at D1, D2, and D3. Dexmedetomidine infusion decreased CO and Sv -O 2 in a dose-dependent manner. Stroke volume (SV) decreased signifi cantly at D2 and D3, compared with its baseline value. Dexmedetomidine infusion did not change the SVR. However, the PVR increased signifi cantly at D2 and D3, compared with its baseline level. D
• O 2 and V • O 2 decreased but the O 2 extraction ratio increased with dexmedetomidine administration in a dose-dependent manner ( Table 2 ). The plasma concentrations of propofol and dexmedetomidine are shown in Table 3 .
Discussion
In the present study, a small dose of dexmedetomidine (0.2 µg·kg -1 ·h -1 ) decreased the BIS value greatly from 57 ± 3 to 18 ± 8. This suggests that a small dose of dexmedetomidine suffi ciently enhances the sedative effect of propofol. However, the decrease in the BIS value was not as large when dexmedetomidine was infused at 0.4 or 0.7 µg·kg -1 ·h -1 . Previous studies have shown that the sedative effect of dexmedetomidine declines, even if its infusion dose is increased [12, 42] .
Hall et al. reported that a decrease of the BIS value with dexmedetomidine infusion at a dose of either 0.2 or 0.6 µg·kg -1 ·h -1 was similar in a human study [12] . From the results of Hall's study and our study, we surmise that a ceiling effect may show in dexmedetomidine sedation. In the present study, the PVR increased with dexmedetomidine administration, whereas SVR did not change significantly. Talke et al. [37] reported that dexmedetomidine infusion resulted in constriction of the peripheral blood vessels and an increase in arterial blood pressure in human subjects anesthetized with propofol, alfentanil, and nitrous oxide. In our study, we observed the same response in the pulmonary blood vessels at D2 and D3. It may be that, after anesthesia has decreased sympathetic nervous system activity, dexmedetomidineinduced vasoconstriction via the α 2B -adrenoceptors can predominate without sympatholytic interference from the α 2A -adrenoceptors. Our subjects' systemic vascular response differs from that of Talke's findings. We speculate that the difference in sympathetic nervous system activity and systemic vascular tone was already present before dexmedetomidine infusion and may have influenced our results to some extent. In our study, systemic and pulmonary blood vessel responses differed. The mechanism for this is not clear. At D2 and D3, the plasma concentrations of propofol were slightly higher than that of baseline. Previous studies reported that propofol induced pulmonary vasoconstriction when vasomotor tone was increased with phenylephrine [9, 18, 25] . The authors of those reports concluded that phenylephrine produced prostacyclin and propofol suppressed this prostacyclin production. It was also reported that prostacyclin production was induced via α 1 -adrenoceptor activation [43] . Therefore, we speculate that dexmedetomidine might also suppress prostacyclin production, because dexmedetomidine decreases plasma norepinephrine concentration [5, 8] . However, α 1 agonist-induced prostacyclin production was also observed in systemic arteries [28, 36] . It is uncertain whether suppression of prostacyclin production selectively occurred in pulmonary blood vessels in our study. However, from our results, the combined administration of propofol and dexmedetomidine may specifically stimulate pulmonary vasoconstriction.
The decrease in CO mainly resulted from a decrease in HR. SV decreased with dexmedetomidine at an infusion rate of 0.4 µg·kg -1 ·h -1 or more. In a previous study using the isolated ventricular myocardium of ferrets, dexmedetomidine did not have any direct effects on cardiac contractility [13] . In another study, a decrease in SV was observed only at high plasma concentrations in human volunteers infused with dexmedetomidine [8] .
Our results indicate that even moderate doses of dexmedetomidine in combination with propofol can decrease cardiac contractility. Dexmedetomidine decreased the Sv -O 2 and impaired systemic oxygen supply/demand balance in a dose-dependent manner. In a normal organ, a decrease in oxygen delivery does not lower oxygen consumption because O 2 extraction increases proportionately. When delivery falls below a critical threshold, consumption falls since O 2 extraction exceeds a critical threshold and cannot compensate for the reduction in delivery [32] . Impaired oxygen balance may induce adverse effects such as impairment in organ function.
Our study had some limitations. First, the plasma concentration of propofol increased from 7.06 ± 0.94 µg·ml -1 at baseline to 8.37 ± 1.39 µg·ml -1 at D3, although the constant infusion rate of propofol had been determined after the baseline measurement. A previous study reported that such small differences in plasma concentrations of propofol did not affect hemodynamics and cardiac function [7] . To our knowledge, there is no evidence that dexmedetomidine directly affects propofol plasma concentration, but there is a possibility that a decrease in CO delays the elimination of propofol [19] . Secondly, we used BIS monitoring to evaluate the depth of sedation. A linear correlation of BIS with propofol effect-site concentration was confirmed in a previous swine study [20] . However, there is no report of the usefulness of BIS monitoring in a dexmedetomidine-infused animal model. In human clinical studies, BIS monitoring is used to evaluate the sedation level in patients administered dexmedetomidine [1-3, 10, 39, 41] . Therefore, we infer that BIS monitoring is reliable in evaluating the sedative effect of dexmedetomidine.
In conclusion, a small dose of dexmedetomidine (0.2 µg·kg -1 ·h -1 ) greatly enhanced the sedative effects of propofol with only small changes in hemodynamics and systemic oxygen balance and may be useful in reducing propofol dose requirements. However, dexmedetomidine 0.4 µg·kg -1 ·h -1 suppressed cardiac contractility, and 0.7 µg·kg -1 ·h -1 induced hemodynamic instability and further systemic oxygen imbalance while the additional sedative effect was limited. When dexmedetomidine is used in combination with propofol, a lower dose of dexmedetomidine may be recommended.
